Nanocrystalline powders of undoped and lanthanide-doped scandium oxide were prepared by propellant synthesis and characterized by x-ray powder diffraction, electron microscopy, EDX spectroscopy and luminescence spectroscopy. The obtained material has the Sc 2 O 3 cubic structure (space group I a3) with unit cell parameter increasing with the size of the dopant. The crystallite size is in the range 20-40 nm. The lanthanide-doped samples form Sc 2−x Ln x O 3 solid solutions with x ≈ 0.2 (Ln = Eu or Er). No inhomogeneity was found by microanalysis on the micron scale. The emission spectrum of the Eu 3+ doped Sc 2 O 3 sample shows strong bands in the visible region assigned to 4f-4f transitions of the lanthanide ions.
Introduction
Rare earth doped sequioxides yttria (Y 2 O 3 ), lutetia (Lu 2 O 3 ) and scandia (Sc 2 O 3 ) have been found to be interesting materials for many technological applications in the field of optical devices, such as luminescent displays, optical amplifiers and solid state lasers [1] [2] [3] [4] . Scandium oxide, in particular, has recently attracted the attention of many researchers for its interesting physical and chemical properties. Its high chemical stability, together with a high bulk refractive index value (1.90 at 400 nm) and a high ultraviolet cut-off (215 nm) [5] , makes it interesting for numerous applications in the field of photonics and optoelectronics. Moreover, due to its high thermal conductivity, trivalent rare earth doped scandia is a very suitable host material for high power solid-state lasers [6] . The growth of a Sc 2 O 3 single crystal by the conventional thermal heating-cooling method is difficult due to the extremely high melting temperature (2430
• C) [7] . On the other hand, efficient methods at lower temperature are employed to prepare Sc 2 O 3 powders, such as an electrochemical method (at 950 • C) [8] , a reverse-strike precipitation technique [9] and hydrothermal synthesis [10] . These methods provide crystalline materials with a high surface area.
On the other hand, the study of the luminescence properties of lanthanide doped nanocrystalline oxide particles has become of paramount importance, due to the fact that the optical and electronic properties of these nanocrystalline materials differ from those of the bulk samples and can be influenced by the particle size [11] . Many investigations have been carried out on lanthanide doped nanocrystalline Y 2 O 3 and Lu 2 O 3 [12, 13] , but only a few papers have been published on rare earth doped nanocrystalline Sc 2 O 3 [14, 15] . One of the recently employed preparation techniques of nanocrystalline materials is based on a combustion (propellant) synthesis. This technique is very useful for the preparation of rare earth doped luminescent materials in the form of nanocrystalline powders [15] [16] [17] [18] , and makes it possible to optimize the parameters such as particle size and uniform distribution of activators, which influence the luminescence properties. Activators concentrated on the surface or on the grain boundaries are thought to be non-luminescent or quenching centres [19] . In particular for low voltage excitation, luminescent intensities are sensitive to the presence of contamination on the phosphor surface [20] . Hence, obtaining defect-free and surface-contaminant-free, homogeneously doped phosphor nanocrystals is very important.
In this paper, we show that scandium oxide in nanocrystalline form can be successfully obtained with the above-mentioned propellant technique. We investigated the structure and morphology of the synthesized powders, in particular the aggregation and particle size distribution, as well as the luminescence properties for the lanthanide-doped nanocrystalline scandia samples.
Experimental details

Synthesis
Nanocrystalline powders of Sc 2 O 3 undoped and doped with 10 mol% of Eu 3+ or Er 3+ , Sc 1.8 Ln 0.2 O 3 (Ln = Eu or Er), were prepared using a propellant synthesis [21, 22] . An aqueous solution containing appropriate quantities of glycine (NH 2 CH 2 COOH) and metal nitrates, Sc(NO 3 ) 3 and Ln(NO 3 ) 3 (Ln = Er or Eu) was prepared starting from high purity (99.9%) reagents. The glycine serves as a fuel for the combustion reaction, being oxidized by the nitrate ions. A glycine-to-metal nitrate molar ratio of 1.2 was employed. The mixture was heated with a Bunsen flame until the solvent evaporated and auto-combustion occurred with the evolution of a brown fume. The synthesis reaction can be described by the following stoichiometric equation:
where M stands for Sc or the rare earth dopant (Eu or Er). After a few seconds, a porous voluminous powder was formed, occupying the entire volume of the reaction vessel.
The resultant powder of the combustion reaction was fired for 1 h at 500
• C in order to decompose any residual carbohydrazide and nitrate ions. All nanocrystalline samples were kept in air without any further precaution.
Structural investigation
The morphology, microstructure and local composition of the obtained scandia powders were studied by x-ray powder diffraction, electron microscopy and EDX analysis.
A Philips X'Pert vertical goniometer with BraggBrentano geometry, connected to a highly stabilized generator, was used for x-ray diffraction (XRD) measurements. Co Kα Fe-filtered radiation (λ = 1.788 97Å), a graphite monochromator on the diffracted beam and a proportional counter with pulse height discriminator were used. The XRD data were collected at room temperature in the 2 (Bragg angle) range of 20
• -100
• with a step size of 0.05
• and acquisition time of 10 s per point for three runs and then averaged. Diffraction data were analysed by fitting limited angular regions using previously described procedures [23, 24] [23, 24] .
Scanning electron microscopy (SEM) observations were performed with a JEOL JEM-5510 equipped with an INCA x-ray microanalysis unit. The average composition of the samples was determined by x-ray energy dispersion (EDX) spectroscopy acquiring a spectrum for 600 s (live time) at an accelerating voltage of 30 kV. For this analysis, powders were cold-pressed into pellets of 3 mm diameter under a load of about 2 tons of pressure and then left uncoated.
Transmission electron microscopy (TEM) was used to obtain detailed information about the local structure and size distribution of the crystalline scandia nanoparticles. Electron diffraction and EDX analysis were carried out on a Philips CM20 microscope, equipped with a LINK-200, operating at 200 kV. High resolution electron microscopy (HREM) was performed on a JEOL 4000EX electron microscope (0.17 nm point resolution) operating at 400 kV. TEM specimens were prepared by ultrasonically dispersing the finely crushed powdered sample in ethanol and depositing drops of this suspension on a holey carbon film grid. The CrystalKitX and MacTempas software packages were used to simulate HREM images and electron diffraction patterns.
Spectroscopic characterization
The 488.0 nm line of an argon laser was used to excite the luminescence spectra. A fibre optic probe was employed to collect the emission signal. The scattered signal was analysed using a half-meter monochromator equipped with a CCD detector. A 1200 lines mm −1 grating was used to collect the luminescence spectrum in the region of the 5 D 0 → 7 F 0 transition of the Eu 3+ ion (578-583 nm, resolution of about 0.02 nm), whilst the laser-excited luminescence spectrum in the wider 500-700 nm range was measured using a 150 lines mm −1 grating (resolution of about 0.15 nm). All the spectroscopic measurements were performed at room temperature.
The Eu 3+ ion emission decay curve was measured using the second harmonic radiation (532.0 nm) of a Nd-YAG pulsed laser as the excitation source. The scattered signal was analysed using a half-meter monochromator (with 150 lines mm −1 grating) and detected with a GaAs water cooled photomultiplier and stored in a 500 MHz digital oscilloscope.
Results and discussion
X-ray diffraction
The x-ray powder diffraction pattern of the obtained undoped nanocrystalline scandium oxide is shown in figure 1 . The XRD spectrum can be matched by a single-phase cubic structure (space group Ia3) with cell parameter a = 9.8378(7)Å [15] . The cell parameter is slightly smaller than the value given in the reference file for the bulk Sc 2 O 3 (9.8450(4)Å) [29] . This phenomenon of lattice contraction has been noticed for nanostructured materials and explained as a consequence of the large surface tension due to the increased surface-tovolume ratio [30, 31] reported in [15] ) to a minimum value of 14 nm for Sc 2 O 3 :Eu 3+ . The same behaviour was observed on garnets produced with propellant synthesis [16, 21] . For all samples the calculated values of ε 2 (D) at D v /2 are very small, so we presume that no significant microstrains are present.
Electron microscopy
SEM observations of scandia samples show agglomerates ranging from a few microns to a few tens of microns with a highly porous, sponge-like morphology (figure 2), typical for samples prepared with the propellant technique [16, 21, 32] . The spectra obtained from EDX analyses in SEM (figure 3) qualitatively confirm the presence of the lanthanide dopants. A quantitative EDX analysis shows that the average elemental ratios (with standard deviation in brackets) Sc/Eu = 10.15(0.12) and Sc/Er = 9.89(0.15) are close to those expected from a solid solution of composition Sc 1.8 Ln 0.2 O 3 (Ln = Eu, Er). The homogeneity of the samples on a micrometre scale is checked using an EDX mapping technique. Elemental maps of Sc, O, Eu and Er show a uniform density distribution (maps not shown), confirming that the distribution of europium and erbium is homogeneous throughout the material.
TEM images show highly agglomerated crystalline nanoparticles with an irregular, polygonal-like, sharp-edge shape and variable dimensions (figure 4). These particles are single crystallites that make up the walls of the porous structure observed by SEM (figure 2). The agglomeration of nanoparticles is usually explained as a common way to minimize their surface free energy [31, 33] . However, in some works the agglomeration is assigned to the presence of organic residuals that act as 'binders' for the crystallites [34, 35] . Since we did not observe in the IR spectra (not shown) any vibration bands due to organic residuals, around 3000 cm −1 , this option is excluded. The small voids present within some particles (see for example the two arrows in figure 4(a) ) are generated by the large amount of gas produced during the rapid combustion synthesis reaction. Their presence usually tend to yield under-estimated values of the crystallite sizes obtained from the XRD broadening analysis (table 1) , since a void interrupts the diffraction coherence of this crystallite. In the present samples this effect is not very large (see table 1), considering that an error of 10-15% is usually associated with XRD determinations: the average particle size determined from TEM observations for sample. This is illustrated with appropriate histograms in figure 5 . The local crystal structure was investigated by electron diffraction (ED) and high resolution TEM. The single phase Sc 2 O 3 was confirmed for all three samples, by analysing the electron diffraction rings. The sharp rings (see insets in figures 4(a) and (b)) arise from the fine grain size of the polycrystalline material and the fact that the ED patterns are taken over a region of about 1 µm. In figure 6 the ED patterns of Sc 2 O 3 and Sc 2 O 3 :Eu 3+ are compared. The lattice parameters calculated from the ED patterns and the difference between them are in good agreement with the values determined from x-ray powder diffraction data. The internal structure and the quality of the scandia nanocrystals have been investigated by HREM. Figure 7 (a) shows part of a Sc 2 O 3 nanocrystal viewed along the [011] zone axis, where the bright dots in the HREM image correspond to the Sc atom columns. The computer simulation, given as an inset and based on cubic scandia with space group Ia3, matches well the experimental image. The surface of observed nanocrystals is free of defects and without any amorphous layer. Also, for the doped scandia samples, we observed a well crystalline structure of Sc 2 O 3 without any irregularities or local cation ordering in grain boundaries. values for stoichiometry and relevant standard deviations. During the experiment the diameter of the analysing spot has been varied in correspondence with the diameter of the observed nanocrystals. HREM as well as EDX confirm that lanthanide-doped scandia samples are homogeneous, with good crystal quality and with the required stoichiometry Sc 2−x Ln x O 3 (x ≈ 0.2) (Ln = Eu or Er). These results and results from XRD analysis show that the propellant synthesis produces a very good solid solution of cubic, nanocrystalline scandia.
Luminescence
The cubic Sc 2 O 3 lattice can accommodate the Eu 3+ dopant ion in two distinct sites, which have point-group symmetry C 2 and C 3i . The relative abundance of the two C 2 and C 3i sites in the crystal structure is 3:1, respectively [15] . According to the transition selection rules, the electric dipole transitions for the Eu 3+ ions occupying the C 2 sites are allowed, while those for the Eu 3+ ions in the C 3i sites are forbidden. On the other hand, for the Eu 3+ ions in the C 3i site only magnetic In particular, the strongest band in the spectrum is observed at 612 nm and it is assigned to transitions between the 5 D 0 and the lower lying 7 F 2 levels of the Eu 3+ ion in sites of C 2 symmetry. Moreover, the three weak emission bands located at 587, 595 and 602 nm are assigned to transitions between the 5 D 0 level and the three 7 F 1 Stark levels of the Eu 3+ ion in sites of C 2 symmetry [37, 38] . Besides, the emission band at 580.5 nm observed for the 5 D 0 → 7 F 0 transition is attributed to Eu 3+ ions in sites of C 2 symmetry [37] (see the inset of figure 8 ). On the basis of symmetry arguments, two magnetic dipole 5 D 0 → 7 F 1 transitions are expected in the luminescence spectrum, as the 7 F 1 multiple of the Eu 3+ ion in a site of C 3i site symmetry split in two energy levels. The extremely weak band located at about 583 nm (see the inset of figure 8) can be identified as the 5 D 0 → 7 F 1a magnetic dipole transition of Eu 3+ ions in sites of C 3i symmetry, following the assignments proposed by Malta et al [37] . The luminescence band due to the second 5 D 0 → 7 F 1b magnetic dipole transition is most probably superimposed on the stronger bands due to the 5 D 0 → 7 F 1 transitions of Eu 3+ ions in sites of C 2 symmetry, making its identification and assignment difficult in the present experimental conditions. In general, the peak positions of the emission bands are very similar to those observed for Eu 3+ doped Sc 2 O 3 polycrystalline (bulk) samples [37, 38] . It is worth noting that the probability of the magnetic dipole 5 D 0 → 7 F 1 transition is practically independent of the local environment around the lanthanide ion. On the other hand, the 5 D 0 → 7 F 2 transition is purely of electric dipole nature and it is very sensitive to the environment of the lanthanide ion; for this reason it is called a hypersensitive transition. In particular, the integrated emission intensity of the 5 D 0 → 7 F 2 transition depends strongly on the site symmetry of the Eu 3+ ion, differently from that of the 5 D 0 → 7 F 1 transition, which does not. For this reason the asymmetry ratio
of the integrated intensities of the 5 D 0 → 7 F 2 and 5 D 0 → 7 F 1 transitions is indicative of the asymmetry of the coordination polyhedron of the Eu 3+ ion [39, 40] . In particular, the lower the R value, the higher the site symmetry of the Eu 3+ ion. The obtained R value for the nanocrystalline scandia under investigation is 5.3 ± 0.1. The high asymmetry ratio value indicates that the local environment of the Eu 3+ ion is notably distorted, in agreement with a C 2 symmetry for the sites mainly occupied by the dopant ions.
The luminescence decay curve measured at 612 nm after excitation at 532 nm for the nanocrystalline Eu 3+ doped Sc 2 O 3 sample is shown in figure 9 . As can be clearly seen from the figure, the decay curve is not exponential. For this reason, we calculated the effective emission decay time τ eff using equation [41] :
where I (t) represents the luminescence intensity at time t corrected for the background and the integrals are evaluated on a range 0 < t < t m where t m τ eff . The average ion distance in a crystalline host can be estimated from equation [42] :
where N is the ion density (ionÅ −3 [46] . This behaviour can be explained considering that the effective refractive index (n eff ) surrounding the Eu 3+ ion in the porous nanocrystalline material is lower with respect to the micrometre size host [44] . This explanation is compatible with the nanometre particle size of the host (see TEM micrographs, figures 4 and 7, and particle size distribution, figure 5 ). In fact, for these structural characteristics it is reasonable that the filling factor (the fraction of the volume of the host occupied by the nanoparticles) is lower than one.
Conclusions
This paper shows that pure and lanthanide doped nanocrystalline scandia can be obtained by a propellant synthesis. The structure is confirmed to be cubic (space group Ia3) with a slightly smaller cell parameter than in the bulk material (a = 9.8378 (7) (J = 0, 1, 2, 3, 4) transitions. The presence of a narrow peak at 612 nm, similar to that found for Eu 3+ doped Y 2 O 3 , and a long luminescence lifetime at room temperature, suggest that the present nanocrystalline material can be used as a red phosphor in optoelectronic devices, such as luminescent displays. On the other hand, it should be remarked that the present Eu 3+ doped material is most probably not well suited for applications which require fast luminescent responses.
